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Patterns of zooplankton–phytoplankton interactions in subtropical lakes of the Southern Hemisphere may deviate
from those established for north-temperate lakes. We tested the responses of phytoplankton growth to different
community structures of zooplankton and nutrient enrichment in a subtropical Australian reservoir for the prediction
of potential outcomes of lake biomanipulation. Two zooplankton communities were created in lake enclosures over 4
weeks: a rotifer-dominated community developed in the presence of planktivorous ﬁsh (Hypseleotris spp.) and a
Ceriodaphnia-dominated community developed in the absence of ﬁsh. Biomass gradients of both communities were
established in 20L containers and several separate containers received no additions (controls) or were enriched with
nitrogen and/or phosphorus. The growth rate of total phytoplankton signiﬁcantly increased in response to nutrient
enrichment, indicating nutrient limitation. Most phytoplankton taxa were not markedly affected by grazing of either
zooplankton community. However, both communities had signiﬁcant stimulatory effects on the growth of inedible
chlorophytes. The ability of zooplankton grazing to negatively affect phytoplankton growth during the summer was
counteracted regardless of zooplankton community structure, possibly by nutrients regenerated by zooplankton. We
hypothesise that in the subtropical system studied, changes in food web nutrient recycling may be more important for
the outcome of biomanipulation than grazing impacts.
r 2005 Elsevier GmbH. All rights reserved.
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Subtropical reservoirs of Australia are subject to
summer blooms of cyanobacteria (Jones & Poplawski,
1998), including potentially toxic species such as
Anabaena circinalis and Microcystis aeruginosa (Carmi-e front matter r 2005 Elsevier GmbH. All rights reserved.
no.2005.01.004
ing author.
ess: rj_hunt@optusnet.com.au (R.J. Hunt).cheal, 1994). Small native planktivorous ﬁsh, such as
gudgeon (Hypseleotris spp.), can be very abundant in
this type of reservoir (Hunt, Matveev, Jones, &
Warburton, 2003; Matveev, 2003; Meredith, Matveev,
& Mayes, 2003). Gudgeons have been shown to have a
stimulatory effect on the abundance of cyanobacteria in
mesocosm experiments with lake plankton (Hunt et al.,
2003). This suggested that the blooms may, at least in
part, be explained by the effects of planktivorous ﬁsh,
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for the management of the reservoir water quality
(Matveev, 1998). While the actual mechanism of
Hypseleotris effects on cyanobacteria in the mesocosms
remained unclear, the ﬁsh signiﬁcantly impacted on
zooplankton biomass and size structure, probably
through size-selective predation. At high ﬁsh densities,
zooplankton biomass was lowered and dominated by
rotifers and small copepods, while at low ﬁsh densities
zooplankton was dominated by larger Ceriodaphnia
(Hunt et al., 2003). Grazing by rotifer- and nauplii-
dominated communities is known to be weak, impacting
only small cells (Sterner, 1989). In contrast, Ceriodaph-
nia-dominated communities’ impacts are stronger and
include grazing on larger cells (up to 35 mm or bigger)
(Cyr & Curtis, 1999; Hambright, Zohary, Easton,
Azoulay, & Fishbein, 2001), suggesting that variation
in grazing in Hypseleotris experiments (Hunt et al.,
2003) was considerable.
The potential for Australian zooplankton to control
phytoplankton and cyanobacteria by grazing has been
questioned (Boon, Bunn, Green, & Shiel, 1994). However,
communities containing large zooplankton were hypothe-
sised to be capable of exerting strong grazing impacts
(Matveev, Matveeva, & Jones, 1994). This was conﬁrmed
in later studies, including both observational and experi-
mental data on reservoirs of different productivities
during four seasons (Matveev & Matveeva, 1997). A
comparative study of pelagic food webs of many
reservoirs of south-east Australia, which included sub-
tropical lakes, further conﬁrmed the hypothesis by
demonstrating signiﬁcant negative correlations between
zooplankton body size and total phytoplankton biovo-
lume (Matveev, 2003). This suggested that certain
conﬁgurations of zooplankton structure can regulate
phytoplankton biomass. However, studies in subtropical
and tropical lakes, performed overseas suggested the
contrary – that generally zooplankton grazing does not
have a strong regulatory effect on phytoplankton biomass
(Crisman & Beaver, 1990; Havens, East, & Beaver, 1996).
This has been attributed to the dominance of large
inedible phytoplankton species, a high proportion of
smaller-sized zooplankton, and the failure of zooplankton
communities to reach the minimal critical size required for
the suppression of phytoplankton observed in temperate
regions (Havens et al., 1996; Lazzaro, 1997).
Zooplankton may regulate phytoplankton not only by
grazing, but also by the resupply of nutrients through
excretion (Lehman & Sandgren, 1985; Sterner, 1986,
1990; Elser et al., 1987). Whether the recycling effects
would be strong or not, would depend on the degree of
phytoplankton nutrient limitation and on which nutrient
is limiting. In Australia, phytoplankton of temperate
reservoirs was suggested to be nutrient-limited most of
the year with phosphorus being the principal limiting
nutrient (Matveev & Matveeva, 1997). However, onother continents, tropical phytoplankton was often
shown to be nitrogen-limited (Talling & Lemoalle, 1998).
In the present study, we experimentally created
communities of subtropical zooplankton of two alter-
native structures similar to those where stimulatory
effects of gudgeons on cyanobacteria were observed
(Hunt et al., 2003) and tried to explore the mechanism
responsible for the gudgeon-induced changes in phyto-
plankton. While doing that, we asked the following
questions. What was the relative importance of grazing
and nutrient limitation for phytoplankton control?
Which nutrient was more important for limiting
phytoplankton growth? How does the subtropical
reservoir studied compare with temperate reservoirs in
Australia in the pattern of phytoplankton regulation?Materials and methods
Study site
Lake Maroon [south-east Queensland, Australia
(152139 S, 28110 E)] is the result of a dam constructed
during the 1960s. It has a capacity of 38,400,000m3,
covering an area of 326 ha with a maximum depth of
34m (Chudek, Joo, Horn, & McLaren, 1998). The lake
is monomictic and stratiﬁed from September to May,
with a summer mean surface temperature of 25 1C. It is a
mesotrophic lake with mean annual total nitrogen and
total phosphorous concentrations of 590 and 27 mgL1,
respectively (Matveev, unpublished data).
As a consequence of the impoundment, the native
piscivorous ﬁsh, which require natural ﬂooding or
downstream migration to breed (McDowall, 1996),
cannot successfully reproduce. Native piscivores, pre-
dominantly Australian bass (Macquaria novemaculeata
Steindachner), are stocked as ﬁngerlings at low densities
(15–200 ha1 year) for recreational ﬁshing (Queensland
Department of Primary Industries, pers. comm.).
Several planktivorous ﬁsh species inhabit the pelagic
zone, including gudgeon (Hypseleotris spp.) and the
Australian smelt (Retropina semoni Weber). The crusta-
cean zooplankton community is dominated by copepods
including the calanoid genera Boeckella and Calamoe-
cia, and the cyclopoid genus Mesocyclops. Phytoplank-
ton succession during summer demonstrated a peak of
chlorophytes followed by a considerably higher biovo-
lume of cyanobacteria for the 2 consecutive years prior
to the experiment (1997–1999), (Matveev & Matveeva,
unpublished data).
Experimental design
Communities of natural lake zooplankton were
maintained in the absence of ﬁsh (ZC) and in the
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polyethylene mesocosms (for details of mesocosms see
Hunt et al., 2003). The mesocosms were ﬁlled with water
pumped from a depth of 1.5–2m from the lake. To
ensure that large zooplankton were present in the
mesocosms, zooplankton were collected from the pelagic
zone of the lake with a 500 mm mesh (500mm diameter)
net, and three 7m hauls were added to each enclosure.
Mesocosms with ﬁsh were stocked with 12 gudgeon
(Hypseleotris spp.) per m3 (3.6 g wet mass m3). The
number of ﬁsh stocked in enclosures was based upon the
time-weighted mean of planktivorous ﬁsh inhabiting the
epilimnion of Lake Maroon as determined using an
echosounder during the summer period of 1998–1999
(Hunt et al., 2003). Zooplankton were taken from
mesocosms for experimentation after 28 days.
Two separate experiments were conducted (Fig. 1),
both using translucent polycarbonate 20L enclosures
ﬁlled with lake water ﬁltered through 80 mm mesh to
remove macrozooplankton. To test the effect of nutrient
enrichment on phytoplankton growth, nutrients were
added to three pairs of enclosures. Each pair received
additions of either 15 mM NH4NO3 or 1 mM NaH2PO4,
or both, and were designated (+N), (+P) andZC 1
38.4 
ZC 2 
114.2
ZC 3
168.2
ZC 4
223.2
ZC 5 
280.5 
ZF 1 
13.1 
ZC 5 
50.6 
ZC 5
40.2
ZC 6
70.1
ZC 5
38.0
ZC 5 
27.7
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Fig. 1. Schematic diagram of the experimental design. Twenty
litre enclosures received ﬁltered lake water and zooplankton
additions from a pre-treatment in 5m3 mesocosms either with
(ZF) or without ﬁsh (ZC). Five enclosures received additions
of the Ceriodaphnia-dominated community (the ZC treatment)
and six enclosures received additions of the rotifer-dominated
community (the ZF treatment). The resulting zooplankton
biomass in each enclosure (mg dry mass L1) is given in ﬁgures
below the treatment code. To test the effect of nutrient
enrichment on phytoplankton growth, pairs of enclosures
received ﬁltered lake water and the addition of NH4NO3 alone
(+N), NaH2PO4 alone (+P), or the addition of both
(+N&P). A pair of enclosures (not shown) were ﬁlled with
ﬁltered lake water but did not receive additions of zooplankton
or nutrients and served as controls for both experiments.(+N+P), respectively. Measurements of nutrient con-
centrations in Lake Maroon taken before (17/3/00) and
after (28/3/00) the experiment were 0.61–0.90 mM DIN
(dissolved inorganic nitrogen) and 0.16 mM SRP (soluble
reactive phosphorus) (Matveev, unpublished data), and
indicate that the nitrogen and phosphorus additions
were sufﬁcient to provide nutrient-enriched conditions
in the enclosures. To test the effect of zooplankton
density and community structure on phytoplankton
growth, a gradient of zooplankton biomass was
established in ﬁve and six enclosures for the ZC and
ZF communities, respectively. This was accomplished
by taking varying amounts of zooplankton from the
ZC and ZF mesocosms by vertical hauls using an
80 mm mesh Wisconsin-type zooplankton net
and transferring them to corresponding enclosures.
The ranges of zooplankton biomass in enclosures
were 38.4–230.5 mgL1 for the ZC community and
13.1–70.1 mgL1 for the ZF community, as determined
after the experiment (Table 1). One pair of enclosures
did not receive further treatments and provided controls
for both experiments. After thorough mixing, two
200ml samples of the ﬁltered lake water and one sample
from each enclosure receiving zooplankton addition
were taken and preserved with Lugol’s solution for
phytoplankton analysis. All enclosures were fully ﬁlled
with ﬁltered water and sealed to minimise the air–water
interface in which Cladocera can get caught (Cyr &
Pace, 1992). The enclosures were suspended from
pontoons with nylon cord at 1.5m for 3.5 days (23–27
March 2000). Although wave action on the pontoons
agitated the enclosures during the experiment, the
enclosures were also shaken by hand on day zero and
day two to thoroughly mix the contents. The 3.5 day
duration of the experiment was judged to provide a
balance between the short-term response of phytoplank-
ton to grazing loss, the longer-term requirement for
phytoplankton to respond to nutrient enrichment by
zooplankton excretion, and the minimising of enclosure
effects, such as periphyton growth, which accumulate
over time. The duration of the experiment was
equivalent to other studies that have used similar
experimental designs (Lehman & Sandgren, 1985; Elser
et al., 1987; Havens et al., 1996).Sampling and analyses
At the end of the experiment, the enclosures were
removed and thoroughly shaken. About 200ml water
samples were taken from the enclosures and preserved
with Lugol’s solution for phytoplankton analysis.
Zooplankton were collected from each enclosure by
passing the entire contents through an 80 mm net and
were preserved in 30% ethanol and stored at 4 1C.
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Table 1. Zooplankton biomass (mgL1) and estimated clearance rates (LL–1 day1) of the Ceriodaphnia-dominated (ZC) and
rotifer-dominated (ZF) zooplankton communities in the experimental enclosures at the termination of the experiment (day 3.5)
ZC 1 2 3 4 5
Biomass (mgL1) 38.4 114.2 168.2 223.2 280.5
Clearance rate (LL1 day1) 0.10 0.27 0.44 0.53 0.714
ZF 1 2 3 4 5 6
Biomass (mgL1) 13.1 27.7 38.0 40.2 50.6 70.1
Clearance rate (LL1 day1) 0.06 0.10 0.10 0.13 0.16 0.20
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ethanol at room temperature.
Zooplankton were counted and separated into cate-
gories according to taxa and to major size classes within
a taxon using a dissecting microscope. A minimum of 90
individuals was enumerated for each category. Copepod
nauplii and juveniles (copepodites) were not separated
between calanoids and cyclopoids. The biomass of the
crustacean zooplankton was calculated from measure-
ments of at least 20 individuals from each category using
length–weight regressions from Bottrell et al. (1976) for
species or genera that most closely matched the taxa.
Rotifer biovolume was calculated from the mean length
and width measurements of each genus using the
formulae of Bottrell et al. (1976). Biovolume conversion
to biomass assumed a speciﬁc gravity of 1 so that
106 mm3 ¼ 1 mg, and dry mass was calculated as 5% of
wet weight for Asplanchna and Trochosphaera and as
10% for all other genera (Bottrell et al., 1976). The
biomass of each category was calculated from the
product of population density and the individual mean
dry mass. Community biomass was calculated by
summing the biomass of zooplankton categories.
Preserved phytoplankton samples were concentrated
by sedimentation (APHA, 1992), and identiﬁed and
counted using a compound microscope. A minimum of
100 individuals (unicellular, colonial or ﬁlamentous
forms) of the most abundant taxa were counted.
Biovolume was calculated from linear dimensions of at
least 20 individuals from each phytoplankton taxa using
formulae of appropriate geometric shapes (Wetzel &
Likens, 1991). Counts and biovolume measurements
were conducted separately for large (430 mm) and small
(o30 mm) colonies of Microcystis incerta. Biovolume
was calculated for each phytoplankton taxa by multi-
plying the mean volume by the population density, and
community biovolumes were calculated by summing
population biovolumes of phytoplankton taxa.
Phytoplankton growth rate (r) was calculated from
the biovolume of each phytoplankton category with the
following equation:
r ¼ ln ððBt þ 1Þ=ðB0 þ 1ÞÞ=Dt.B0 is the initial phytoplankton biovolume per ml, Bt is
the ﬁnal algal biovolume per ml, and Dt is number of
days. The +1 transformation of biovolume was
necessary to remove any zero values. The natural log
transformation assumes exponential changes in phyto-
plankton growth rates (Lehman & Sandgren, 1985). The
mean of two samples of phytoplankton from ﬁltered
water taken on day zero provided the B0 value for
controls and nutrient-enriched enclosures. The single
sample of phytoplankton taken from each enclosure
receiving zooplankton additions on day zero provided
individual B0 values for all zooplankton-enriched
enclosures and this was necessary due to the inciden-
tal addition of phytoplankton with the zooplankton
addition.Estimation of zooplankton clearance rates
Zooplankton clearance rates were estimated in a
similar manner to Vanni & Findlay (1990) and Schindler
(1992) using the empirical models of zooplankton
ﬁltering rates developed by Peters & Downing (1984).
Individual zooplankton clearance rates were calculated
for each size category of copepod & cladoceran and each
genera of rotifer using Peters and Downing’s general
equation for zooplankton (Eq. (2)), derived from
regressions of clearance rates from all zooplankton
groups:
log V ¼ 0:110þ 0:546 log W  0:260 log S
þ 0:121 log R þ 0:0001C  0:0002M,
where V is the individual clearance rate (millilitres per
animal per day), W the animal mass (micrograms per
animal), S the concentration of food particles (parts per
million wet mass), R the mean food particle volume
(cubic micrometers). C (volume of experimental vessel)
and M (duration of experiment in minutes) apply only
to short-term experiments and the mean values reported
by Peters & Downing in their Table 3 were used (Vanni
& Findlay, 1990). W was taken from the mean
individual weight for each size category or genera as
calculated for the zooplankton biomass estimates. S and
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Fig. 2. The mean percentage biomass of zooplankton taxa for
ﬁltered lake water, the ZC treatment (Ceriodaphnia-dominated
community) and the ZF treatment (rotifer-dominated com-
munity), after incubation in enclosures for 3.5 days in Lake
Maroon. The zooplankton biomass for ﬁltered lake water was
calculated from the two control enclosures plus the six
enclosures used in the nutrient enrichment experiment.
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each experimental enclosure taken on day zero. Large
ﬁlamentous or colonial phytoplankton (i.e. A. circinalis,
Mougeotia and large M. incerta colonies), which are not
typically grazed by zooplankton (Sterner, 1989), were
deﬁned as inedible and were excluded from the
calculations. Small phytoplankton taxa, such as Choda-
tella, which can resist digestion due to protective
coatings (Kerfoot, Levitan, & DeMott, 1988) were
deﬁned as grazable for the purposes of calculating
clearance rates. All parameters were within the range
deﬁned as appropriate for the model by Peters and
Downing in their Table 3. The individual clearance rates
for each zooplankton category were multiplied by the
population density, and community clearance rates were
obtained by summing the rates for each zooplankton
category (Table 1).
Statistical analyses
The effect of +N, +P and +P&N on phytoplankton
growth rate (r) was analysed using a one-way ANOVA.
Post hoc analysis to determine differences between pairs
of treatments was performed using Tukeys multiple
comparison procedure. The low number of replicates
(n ¼ 2) and consequently low power of the experimental
design (Sokal & Rohlf, 1995) was addressed by setting
the signiﬁcance level at 10% (a ¼ 0:1), as in other
studies with similar experimental designs (Threlkeld,
1987; Hunt et al., 2003). Both analyses were conducted
using SYSTAT (Wilkinson, 1990).
The effect of zooplankton biomass on phytoplankton
growth was analysed using linear regressions to relate
the net growth rate (r) of phytoplankton (total
phytoplankton and individual taxa) to zooplankton
biomass. Values for zooplankton biomass and phyto-
plankton growth were derived from the six ZF or ﬁve
ZC enclosures plus the two control enclosures. The
regressions allowed three possible outcomes relating
phytoplankton net growth rate to zooplankton biomass:
a signiﬁcant negative slope indicating grazing-induced
mortality; a signiﬁcantly positive slope indicating a
stimulatory effect on phytoplankton growth from
nutrient regeneration by zooplankton, and a slope not
signiﬁcantly different from zero indicating no net effect
of zooplankton biomass on phytoplankton growth.
Analysis was performed with Sigma Plot 5.0 (SPSS
Inc., 1999).Results
The zooplankton communities exposed to ﬁsh preda-
tion (ZF) and not exposed to ﬁsh predation (ZC)
demonstrated substantial differences in communitystructure (Fig. 2). Rotifers were virtually absent in ZC
enclosures whereas Ceriodaphnia and Boeckella were
absent in the ZF enclosures. The ZF community had
clearly been affected by size-selective predation. Rotifers
constituted 66%, and copepodites and nauplii consti-
tuted 26% of zooplankton biomass. The rotifer com-
munity, which was dominated by Trochosphaera
aequatorealis, also included Asplanchna, Monostyla,
Filinia and Keratella. The ZC community was domi-
nated by Ceriodaphnia quadrangula, which constituted
72% of zooplankton biomass. The calanoid copepods
Boeckella and Calamoecia comprised 7% and 18% of
zooplankton biomass, respectively. Copepodites and
nauplii (from all copepod genera) were dominant in the
control and nutrient-enriched containers, which had
received ﬁltered lake water only (Fig. 2).
The zooplankton additions to experimental enclo-
sures resulted in gradients of zooplankton biomass in
both ZC and ZF zooplankton communities (Table 1).
The range of zooplankton biomass contrasted between
the treatments: the maximum biomass of the Cerio-
daphnia-dominated community (ZC) was four times
greater than that of the rotifer-dominated community
(ZF). The potential impacts of grazing are provided
by the estimated clearance rates for each enclosure
(Table 1). The differences between the estimated
clearance rates of the two communities was mainly a
result of the contrasting biomass ranges and suggests
phytoplankton mortality due to grazing would have
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Table 2. Total phytoplankton and phytoplankton taxa on day zero expressed in mean biovolume (mm3L17standard error)
Taxa Mean biovolume (mm3L1)7SE (%)
Control (n ¼ 2) ZC (n ¼ 5) ZF (n ¼ 6)
Total phytoplankton 0.30770.030 0.44270.092 0.64470.046
Anabaena circinalis 0.08470.008 (27.2) 0.09370.005 (20.1) 0.12570.013 (19.5)
Chodatella 0.00470.003 (1.3) 0.01970.005 (4.2) 0.03070.006 (4.6)
Cryptomonas 0.08170.006 (26.3) 0.05670.002 (12.6) 0.08870.013 (13.6)
Microcystis incerta (colonies o30mm diameter) 0.01870.006 (5.8) 0.01470.001 (3.3) 0.01770.006 (2.7)
Microcystis incerta (colonies 430mm diameter) 0.03270.004 (10.26) 0.07970.020 (17.7) 0.11270.013 (17.4)
Mougeotia x x 0.13770.029 (21.3)
Rhodomonas 0.03270.004 (10.4) 0.01970.004 (4.3) 0.02570.002 (3.8)
Others (non-dominant taxa) 0.05870.005 (18.8) 0.16370.070 (36.9) 0.11170.009 (17.2)
Biovolume of dominant phytoplankton taxa as a percentage of total measured biovolume is given in brackets. Means were derived from all
experimental units in each treatment group (control-ﬁltered lake water only, ZC-ﬁltered lake water+addition of zooplankton assemblage not
exposed to ﬁsh predation, ZF-ﬁltered lake water+addition of zooplankton assemblage exposed to ﬁsh predation). The symbol x indicates a taxon
was not present at the numbers required for signiﬁcant counts in all enclosures of a given treatment.
Table 3. Summary of the effects of zooplankton biomass on
dominant phytoplankton taxa for the Ceriodaphnia-dominated
(ZC) and rotifer-dominated (ZF) zooplankton communities
(Figs. 2 and 3)
Taxa ZC ZF
Total phytoplankton 0 +
Anabaena circinalis* 0 0
Chodatella* + 0
Cryptomonas 0 0
Microcystis incerta * 0 0
M. incerta (colonieso30 mm)  0
Mougeotia* 0 +
Rhodomonas 0 0
For zooplankton biomass the symbols indicate a decrease (:
regression slope signiﬁcantlyo0), no response (0: regression slope
not signiﬁcantly different from zero), and an increase (+: regression
slope signiﬁcantly40) of phytoplankton growth rates to zooplankton
abundance at the level of signiﬁcance of po0:05:
Phytoplankton taxa that are indigestible or are typically inedible are
indicated by *.
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than for the rotifer-dominated community.
The phytoplankton community in the ﬁltered lake
water used to ﬁll all containers on day zero was
dominated by A. circinalis and Cryptomonas (Table 2).
The enclosures that received zooplankton additions also
received phytoplankton incidentally transferred with
zooplankton. Because a gradient of zooplankton bio-
mass was established in the ZC and ZF treatments, the
quantity of incidental phytoplankton transferred would
be expected to be proportional to this. The transfer of
larger phytoplankton was apparent when compared to
ﬁltered lake water, a higher biovolume of large colonies
of M. incerta occurred in both ZC and ZF treatments
and there was an abundance of ﬁlamentous Mougeotia
in the ZF treatment.
The response of phytoplankton to zooplankton
abundance is summarised in Table 3, Fig. 3 (ZC), and
Fig. 4 (ZF). The dominant phytoplankton taxa present
included edible phytoplankton (Cryptomonas, Rhodo-
monas and small M. incerta colonies), indigestible
phytoplankton (A. circinalis and Chodatella) and species
that are typically inedible when they attain a large size
(A. circinalis, Mougeotia, M. incerta). The abundance of
Mougeotia in the control enclosures was too low for
signiﬁcant counts, thus control enclosures were omitted
from the analysis of Mougeotia. Both the Ceriodaphnia-
dominated community (ZC) and the rotifer-dominated
community (ZF) had no marked negative effect on
growth rates of any of the phytoplankton taxa.
Chodatella growth demonstrated a signiﬁcantly positive
response (p ¼ 0:049) to the biomass of the Ceriodaphnia-
dominated community. The rotifer-dominated zoo-
plankton community (ZF) had signiﬁcant stimulatory
effect on Mougeotia growth (p ¼ 0:027) and this
accounted for the signiﬁcant positive effect of therotifer-dominated community on total phytoplankton
growth rates.
The effect of nutrient enrichment on the growth rates
of total phytoplankton and dominant phytoplankton
taxa is given in Table 4, together with the results of the
ANOVA analysis. Nutrient enrichment had a positive
effect on the mean growth rates of total phytoplankton,
which indicated phytoplanktons were nutrient limited.
However, not all taxa demonstrated signiﬁcantly in-
creased growth in response to nutrient addition.
Nitrogen had a consistently stronger stimulatory effect
on mean growth rates of all taxa than did phosphorus,
whilst the addition of both nitrogen and phosphorus
had the greatest stimulatory effect on mean growth rates
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Fig. 3. Growth rates of phytoplankton taxa and total phytoplankton (r, day1) in response to zooplankton biomass gradient
(mgL1 day1) of the Ceriodaphnia-dominated community (ZC) and controls, during incubation in enclosures for 3.5 days in Lake
Maroon. Mougeotia abundance in control enclosures was not high enough for signiﬁcant counts, thus control enclosures were
omitted from the analysis.
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circinalis. The mean growth rates of total phytoplank-
ton, Chodatella and M. incerta were signiﬁcantly higher
in N&P enriched enclosures than in control enclosures,
whilst Rhodomonas, Cryptomonas and A. circinalisgrowth rates were not signiﬁcantly different between
enriched and control enclosures. The maximum mean
growth rate (r) of total phytoplankton was 0.45, and
occurred in response to nitrogen and phosphorus
enrichment.
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Fig. 4. Growth rates of phytoplankton taxa and total phytoplankton (r, day1) in response to zooplankton biomass gradient
(mgL1 day1) of the rotifer-dominated community (ZC) and controls, during incubation in enclosures for 3.5 days in Lake
Maroon. Mougeotia abundance in control enclosures was not high enough for signiﬁcant counts, thus control enclosures were
omitted from the analysis.
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Major differences of zooplankton community struc-
ture, due to size-selective predation by gudgeon (Hypse-
leotris spp.), resulted in marginal differences of the neteffect of zooplankton biomass gradients on phytoplank-
ton growth in this study. There was no evidence
of strong negative effects on phytoplankton growth
rates by the Ceriodaphnia-dominated or the rotifer-
dominated communities. Signiﬁcant stimulatory effects
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Table 4. The mean growth rates r (day17standard error) and results of a one-way ANOVA (p) of growth rates for total
phytoplankton and dominant taxa in response to nutrient addition after incubation in enclosures for 3.5 days in Lake Maroon
Taxa (source of variation) Mean growth rates (r, day1)7(SE) Tukeys multiple comparison
Control +N +P +N&P p
Total phytoplankton 0.05 (70.03) 0.25 (70.08) 0.02 (70.07) 0.45 (70.13) 0.037 (C P N) (N N&P)
A. circinalis 0.02 (70.04) 0.08 (70.10) 0.19 (70.14) 0.11 (70.04) 0.296 (P P&N C N)
Chodatella 0.48 (70.02) 0.80 (70.04) 0.55 (70.06) 0.98 (70.04) 0.004 (C P) (N N&P)
Cryptomonas 0.26 (70.26) 0.13 (70.11) 1.01 (70.16) 0.09 (70.12) 0.039 (PC) (C N N&P)
M. incerta 0.07 (70.12) 0.62 (70.09) 0.37 (70.09) 0.75 (70.09) 0.015 (C P N) (N N&P)
Rhodomonas 0.01 (70.20) 0.22 (70.02) 0.07 (70.05) 0.38 (70.11) 0.149 (P C N P&N)
The results of Tukeys multiple comparison procedure are shown on the right and the treatment mean values are ranked from lowest to highest (left to
right). Treatments contained in brackets were not signiﬁcantly different (p40:10).
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nities were observed for two genera of inedible
chlorophyte that differed greatly in size. Chodatella
[GALD (greatest axial linear dimension) ¼ 20 mm]
increased in response to the Ceriodaphnia-dominated
community whilst Mougeotia (GALD ¼ 196 mm) in-
creased in response to the rotifer-dominated commu-
nity, thus both zooplankton communities were
associated with the resupply of nutrients to phytoplank-
ton growth.
The cryptophytes Cryptomonas and Rhodomonas are
small edible species (GALD ¼ 15 and 7 mm, respec-
tively) and have been shown to be highly susceptible to
grazing by Ceriodaphnia-dominated communities
(Hambright et al., 2001). Given the relatively high
abundance of these cryptophytes in the phytoplankton
community, it is notable that the growth rates of
Cryptomonas and Rhodomonas were not negatively
affected by the Ceriodaphnia-dominated community.
The estimated clearance rates of the Ceriodaphnia-
dominated community exceeded 0.5 LL1 day1, which
can produce a negative effect on edible phytoplankton
populations with growth rates less than 0.7 day1
(Reynolds, 1994). Although maximum recorded growth
rates of Cryptomonas and Rhodomonas were well below
0.7 day1, as observed in nutrient-enriched enclosures,
there were no marked net losses due to grazing. Other
studies involving zooplankton manipulations have also
demonstrated a lack of negative effects of zooplankton
density gradients on edible phytoplankton growth rates.
The enclosure studies by Lehman & Sandgren (1985)
and Elser et al. (1987) revealed growth rates of
cryptophytes can be unaffected by zooplankton abun-
dance even when exposed to high densities of Daphnia.
Increased abundance of cryptophytes has also been
associated with increased grazing pressure in lakes and
this was explained by rapid growth rates that compen-
sate increased grazing losses (Lyche, 1989).
Several other enclosure studies have shown an
absence of grazing impacts on edible phytoplanktonand, as in the present study, this occurred when nutrient
limitation of phytoplankton growth was evident (Leh-
man & Sandgren, 1985; Sterner, 1986; Elser et al., 1987).
This suggests the grazing losses from increased gazer
density can be offset by enhanced absolute growth rates
which may be due to the close coupling between
phytoplankton growth and nutrient recycling in nutri-
ent-limited conditions (Elser et al., 1987). Another
explanation for the lack of negative effects on crypto-
phytes could be reduced predator–prey encounter rates
due to aggregation of these motile forms under
conditions of somewhat reduced mixing within the
enclosures (Beisner, 2001).
The presence of phytoplankton taxa that were
nutrient-limited meant nutrients regenerated by zoo-
plankton could be rapidly assimilated into phytoplank-
ton growth and this appeared to be demonstrated by
Chodatella, a small inedible gelatinous chlorophyte with
the ability to withstand gut passage in a viable state
(Kerfoot et al., 1988). Chodatella growth rate signiﬁ-
cantly increased in response to nutrient enrichment and
to abundance of the Ceriodaphnia-dominated commu-
nity. Mesocosm experiments conducted the previous
year in Lake Maroon resulted in increased populations
of gelatinous greens in the presence of Ceriodaphnia-
dominated communities that developed in the absence
of ﬁsh and at low ﬁsh densities (Hunt et al., 2003).
Populations of undigestible taxa such as Oocystis have
beneﬁted from increases of grazer size and abundance in
temperate lakes following the suppression of plankti-
vorous ﬁsh populations (Lyche, 1989). The resistance to
grazing by gelatinous chlorophytes, and rapid growth
rates that may beneﬁt from nutrients excreted by
zooplankton, presumably provide a competitive advan-
tage for these taxa when grazer abundance is high.
The inclusion of non-algal food resources in the diet
of zooplankton can provide a substantial source of
nutrients for phytoplankton growth as a result of
nutrient excretion (Lyche et al., 1996). Studies of the
feeding ecology of the dominant zooplankton in both
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omnivory. The most abundant species in the rotifer-
dominated community were not herbivores but included
the predatory Asplachna (Reynolds, 1984), the micro-
phagous Trochospheara aequatorialis (Koste & Robert-
son, 1983) and copepod nauplii which can consume a
diversity of particles including non-algal matter (Welch,
1935). All the three dominant taxa in the Ceriodaphnia-
dominated community (Ceriodaphnia, Calamoecia and
Boeckella) can consume non-algal foods. Although
Ceriodaphnia can be an effective grazer of phytoplank-
ton less than 35 mm (Cyr & Curtis, 1999), it has been
associated with lakes characterised by a detrital food
chain, in which bacteria and detritus constitute the bulk
of grazed particles and only one-third of net algal
production is consumed (Sprules, 1980). Boeckella, and
to a lesser extent Ceriodaphnia, are effective consumers
of protozoans, and both feed on protozoans at higher
rates in low-nutrient compared to high-nutrient condi-
tions (Burns & Schallenberg, 2001).
The calanoid copepod Calamoecia, which had the
second highest biomass in our Ceriodaphnia-dominated
community, has been associated with stimulatory effects
on phytoplankton in another study of Australian
reservoirs (Matveev & Matveeva, 1997). The association
of zooplankton taxa in both communities with a feeding
ecology that can include a substantial contribution from
non-algal food sources could be an important factor in
explaining the lack of negative effects of zooplankton
biomass on phytoplankton growth rates. Phytoplankton
could beneﬁt from the regeneration of nutrients from
heterotrophic production to primary production (Por-
ter, 1996), and mortality rates due to grazing may be
lower when the proportion of non-algal food consumed
is high. Analysis of planktonic nutrient ﬂux in a
Northern Hemisphere subtropical lake revealed up to
40% of carbon demand by herbivorous zooplankton
could be supplied by organisms of the microbial food
web (Stone, Berman, Bonner, Barry, & Weeks, 1993).
The role of heterotrophic production in the pelagic zone
of Australian subtropical lakes and reservoirs may
present an important area of food-web research in these
environments.
The notion that zooplankton communities can
regulate phytoplankton growth by grazing when they
are freed from ﬁsh predation (Shapiro & Wright, 1984;
Carpenter, Kitchell, & Hodgson, 1985) was not sup-
ported in this study dealing with a subtropical reservoir
of Australia. Therefore, if the pattern of interactions
revealed in the enclosures remained the same at the scale
of the whole-lake, we would not expect the trophic
cascade (cf. Carpenter et al., 1985) to be an underlying
mechanism of biomanipulation effects. The absence of a
strong grazing impact by macrozooplankton is consis-
tent with results from other studies conducted in
subtropical and tropical lakes (Crisman & Beaver,1990; Havens et al., 1996). The lack of negative effects
on phytoplankton growth rates may have been related
to a lower grazing capacity of a community dominated
by the medium-sized cladoceran Ceriodaphnia rather
than a community dominated by Daphnia, utilisation of
non-algal food sources by zooplankton, nutrient limita-
tion, and reduced mixing within the enclosures.
The results of this study suggest that the mechanisms
for the observed positive effect of gudgeon (Hypseleotris
spp.) density on the abundance of nitrogen-ﬁxing
cyanobacteria (Hunt et al., 2003) was more likely to be
driven by variation of the nutrient recycling regime of
consumers rather than the rate of grazing mortality.
Another important observation of this study suggests
that nutrients are likely to be limiting in Lake Maroon
and the role of nitrogen may prevail over the role of
phosphorus. This is in contrast to Australian reservoirs
of the temperate zone (Matveev & Matveeva, 1997) and
to many temperate lakes of the Northern Hemisphere
(Wetzel, 2001), but in agreement with similar tests on
tropical lakes of other continents (Talling & Lemoalle,
1998). It may be possible that nitrogen limitation is
more widespread in the tropics and subtropics than can
be assumed a priori, taking into account the range of
habitats where it has been found, which include
America, Africa and Australia [Talling & Lemoalle
(1998) and this study].References
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